We have determined the complete nucleotide sequence of the small-subunit ribosomal RNA genes for the ciliate protozoans Stylonychia pustulata and Oxytricha nova. The sequences are homologous and sufficiently similar that these organisms must be closely related. In a phylogeny inferred from comparisons of several eukaryotic small-subunit ribosomal RNAs, the divergence of the ciliates from the eukaryotic line of descent is seen to coincide with the radiation of the plants, the animals, and the fungi. This radiation is preceded by the divergence of the slime mold, Dictyostelium discoideum.
Introduction
Eukaryotic microorganisms are classified in either the protoctista or the fungi. In contrast to the fungi, which are a relatively cohesive phylogenetic grouping, the protoctists are a heterogeneous collection of organisms that display enormous physiological, cytological, and biochemical diversity (Margulis and Schwartz 1982) . Consequently, it has been very difficult to infer consistent phylogenies for these simple eukaryotes using classical taxonomic approaches, i.e., comparative studies of phenotypes. As an alternative, similarities between ribosomal RNA sequences can be used to define quantitative phylogenetic relationships for these organisms. We have previously reported that comparisons of small-subunit ribosomal RNA sequences indicate that the protoctist, Dictyostelium discoideum, represents the deepest divergence in the eukaryotic line of descent yet characterized by molecular phylogeny (McCarroll et al. 1983) . In this paper we have expanded our analysis to include the two closely related protoctists, Oxytricha nova and Stylonychia pustulata. In a phylogeny inferred from the small-subunit ribosomal RNA similarities, these ciliates are seen to diverge from the eukaryotic line of descent significantly later than the branching of D. discoideum.
Material and Methods

Reagents
Restriction enzymes, bacterial alkaline phosphatase, DNA polymerase/IUenow fragment, and the DNA synthesis kit were purchased from New England Biolabs. [u-35S] dATP was purchased from New England Nuclear. DNA ligase was prepared using the methods of Panet et al. (1973) . The dideoxynucleotides were purchased from Pharmacia P-L Biochemicals.
Preparation of Plasmids Containing Ribosomal RNA Genes
The complete macronuclear ribosomal RNA transcription units (inserted into the PstI site of pBR322) from 0. nova and S. pustulata were provided by M. Swanton (Swanton et al. 1982) . The recombinant plasmids were grown in Escherichia coli strain HB 10 1 and amplified in the presence of chloramphenicol. Plasmid DNA was isolated using the SDS-alkali lysis procedures described by Maniatis et al. (1982) .
Subcloning of Small-Subunit rRNA Genes
Restriction fragments containing the small-subunit ribosomal RNA genes were isolated from the recombinant plasmids described above. The 3.27~Kb HindIII/HindIII restriction fragment from 0. nova and the 3.12-Kb HindIII/HindIII fragment from S. pustulata were electrophoretically fractionated in 0.75% agarose gels built in E buffer (40 mM Tris-acetate, pH 8.2, 20 mM sodium acetate, and 2 mM EDTA). The regions of the gel containing the DNA fragments, as defined by ethidium bromide staining, were excised and placed in vials containing 5 M NaI. The gels were dissolved by heating at 48 C, and the DNA was absorbed to glass beads as described by Vogelstein and Gillespie (1979) . After elution from the beads, the DNA was concentrated by ethanol precipitation and suspended in LT buffer ( 10 mM Tris-HCl, pH 7.5, 10 mM NaCI, and 0.5 mM EDTA). These fragments were cloned into the multiple cloning site of the M 13/mp9 single-stranded phage (Messing 1983) .
The phage-cloning vector was prepared by digesting 20 pg of the M 13/mp9 replicative form with HindIII. The linearized vector was treated with bacterial alkaline phosphatase and electrophoretically purified on agarose gels. Subsequent to extraction from the agarose gels, 20 ng of the vector plus 60 ng of the gel-purified DNA fragments containing the small-subunit rRNA genes was incubated for 18 h at 10 C with 10 units of DNA ligase in 10 pl of ligation buffer (50 mM Tris-HCl, pH 7.4, 10 mM MgC12, 10 mM dithiothreitol, 1 mM spermidine, 1 mM ATP, and 100 pg/ml bovine serum albumin). The recombinant Ml 3 vectors were used to transform Escherichia coli, strain JM103 (Messing 1983) . Noncolored M 13 plaques were selected, and Ctests, as described by Messing (1983) , were used to determine the size and orientation of the presumptive rDNA inserts.
Preparation of Primers
Primers for the dideoxynucleotide chain termination sequencing protocols that are complementary to evolutionarily conserved coding and noncoding strands in the small-subunit ribosomal RNA genes were prepared using the phosphotriester protocols (Matteucci and Caruthers 198 1) . The deoxyoligonucleotides were purified on 40 X 20 cm X 0.8 mm thick 20% polyacrylamide gels that had been prepared in 8 M urea and 1 X NNB solution (134 mM Tris base, 45 mM boric acid, and 2.5 mM EDTA). After electrophoresis at 40 W and room temperature, the primers were located by UV shadowing (Hassur and Whitlock 1974) and eluted from the gels with TE buffer ( 10 mM Tris-HCl, pH 7.5, and 0.5 mM EDTA). The eluted primers were bound to a C8 Bond Elut column (Analytichem International) in TE buffer plus 50 mM NH40Ac. After elution with 50% acetonitrile, the primers were lyophilized and suspended in 10 mM Tris-HCl, pH 7.2.
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Dideoxynucleotide Sequencing
Template DNA was prepared from the recombinant M 13 clones as described by Messing ( 1983) . Six nanograms of M 13 primer (New England Biolabs) or the synthetic primers complementary to evolutionarily conserved regions of the ribosomal RNA genes were annealed to 6 pg of template DNA in annealing solution ( 10 mM TrisHCl, pH 7.2, 10 mM MgC12, 1 mM dithiothreitol) by heating to 65 C for 5 min and slow cooling to room temperature over 30 min. Klenow fragment of DNA polymerase and 30 l&i [a-35S]dATP were added. This mix was distributed to each of five tubes containing the deoxynucleotide triphosphates (dNTPs) plus one dideoxynucleotide triphosphate (ddNTP). The dNTPs were present at a concentration of 0.4 mM, and the ddNTPs as follows: ddA, 0.176 mM; ddG, 0.68 mM; ddT, 1 .O mM; ddC, 1 .O mM; and ddG/dI, 0.35 mM/0.4 mM. (Band-compression artifacts on polyacrylamide sequencing gels occur with a frequency of l-2 errors/ 100 residues. These artifacts occur primarily in dideoxyguanosine chain termination reactions and often result in erroneous sequence interpretations. Band compressions are caused by strong secondarystructure interactions that distort gel sieving patterns or effect premature chain termination in the dideoxynucleotide sequencing reactions. The error rate can be reduced to -0.5% by substituting deoxyinosine for deoxyguanosine in an additional dideoxyguanosine chain termination sequencing reaction. Because the stacking interactions of deoxyinosine are weaker than those of deoxyguanosine, the secondary-structure stabilities are altered. The reduced secondary-structure stabilities minimize the band compressions that can be detected by comparing dideoxyguanosine-terminated reactions containing deoxyinosine with similar reactions containing deoxyguanosine.) After incubation for 20 min at 37 C, a nonradioactive chase mix (1 mM in all dNTPs) plus additional Klenow enzyme was added and incubation was continued for 15 min. The reactions were halted by addition of EDTA to a concentration of 10 mM. The samples were dried under vacuum and then resuspended in 10 ~1 of gel-loading buffer (0.1% xylene cyanol/O. 1% bromphenol blue in formamide). Two microliters of each sample were loaded onto 6% or 8% polyacrylamide sequencing gels (Sanger and Coulson 1975) that had been prepared in 8 M urea with a salt gradient from 2.5 X NNB (bottom) to 0.5 X NNB (top). After electrophoresis at 40 W and room temperature, the gels were soaked for 30 min in 10% methanol/ 10% acetic acid/ 1% glycerol and then vacuum dried onto a sheet of 3-mm paper. The radioactive bands were located by autoradiography using Kodak XL1 film.
Results
Eukaryotic, small-subunit ribosomal RNAs encoded by the nucleus vary in length from 1,77 1 nucleotides in Stylonychia pustulata (present paper) to more than 2,450 nucleotides in Trypanosoma brucei (Hasan et al. 1982 ; M.L.S. and H.J.E., unpublished data). Comparisons of five eukaryotic and 20 prokaryotic small-subunit ribosomal RNA sequences as well as Ti oligonucleotide catalogues representing more than 200 prokaryotic organisms (Fox et al. 1980) reveal that universal or eukaryote-specific sequences (regions that are conserved among all organisms or among all eukaryotes, respectively) are interspersed among semiconserved sequences (regions of intermediate conservation) and nonconserved sequences (regions that display very high rates of genetic drift). The semiconserved sequences are useful for the construction of quantitative molecular phylogenies involving distantly related organisms, whereas the non-conserved regions are valuable for resolving close phylogenetic relationships. The highly conserved regions, because of a lack of sequence variation, do not contribute information about sequence divergence; however, they are potentially useful for rapidly sequencing small-subunit ribosomal RNA genes.
Sequence Analysis of the Small-Subunit Ribosomal RNA Genes
The dideoxynucleotide chain termination protocols were used to sequence portions of the coding and noncoding strands of the S. pustulata and 0. nova smallsubunit rDNA genes cloned into the single-stranded phage M 13/mp9. We synthesized 13 oligonucleotides (15-17-mers) that are complementary to coding and noncoding strands of universal and eukaryote-specific regions. These regions, strategically located in all eukaryotic small-subunit ribosomal RNA genes, were used to initiate synthesis in the dideoxynucleotide chain termination sequencing protocols. The eukaryote-specific and universal oligonucleotide primer sequences as well as their locations in eukaryotic and prokaryotic small-subunit rRNAs (as represented by D. discoideum and Escherichia coli, respectively) are listed in table 1. From a given primer site it was generally possible to determine the sequence of 300-500 nucleotides. The sequencing strategies for the two ciliate small-subunit ribosomal RNA genes presented in this paper are shown in figure 1. Figure 2 displays the small-subunit ribosomal RNA gene sequences from 0. nova and 5'. pustulata aligned with the previously reported smallsubunit ribosomal RNA genes from D. discoideum (McCarroll et al. 1983; Ozaki et . . .
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al. 1984), Saccharomyces cerevisiae (Rubtsov et al. 1980; Mankin et al. 198 1) and E. coli (Brosius et al. 1978) .
Similarity Calculations and Tree Construction
The ribosomal RNA sequences were aligned using a nonrigorous procedure that considers the phylogenetic conservation of both primary-and secondary-structural features (McCarroll et al. 1983) . Initially, short subregions of identical or similar primary structure in approximately homologous positions were aligned for the sequences shown in figure 2 and for incomplete or unpublished sequences from Euplotes aediculatus, and Paramecium tetraureka (M.L.S., J. Gunderson, and H.J.E., unpublished data). Alignment gaps were placed by eye to juxtapose regions of high similarity in the various sequences. The procedure was repeated in order to detect regions of weaker similarity. The alignments in regions of length variation were further refined by lining up those secondary structures that appear to be evolutionarily conserved in all taxa s. PUSTUL 0. NOVA 1 'nn"c~~"cc~ccc~"~cA"*~"-~~c"~~c"~ccA~~~c"M~----~"A"~--~-"G- 
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FIG. 2.-Sequence of the Stylonychia pustulata and
Oxytricha nova small-subunit ribosomal RNA coding regions aligned with other small-subunit rRNAs. The sequences of the S. pustulata and the 0. nova small-subunit rRNAs are shown aligned with those from Dictyostelium discoideum (McCarroll et al. 1983 ), Saccharomyces cervisiae (Rubtsov et al. 1980; Mankin et al. 198 I) , and E. coli (Brosius et al. 1978) . The S. pustulata and 0. nova sequences were determined as described under Experimental Procedures using the sequencing strategies depicted in fig. 1 . Initially the small-subunit sequences shown as well as those from Xenopus laevis (Salim and Maden 1981) , Zea mays (Messing et al. 1984) , rat (Chan et al. 1984 ) rice whose sequences have been examined. In any alignment procedure, the merits of improved sequence similarity versus the introduction of alignment gaps must be weighed. Our method of alignment is not rigorously defined, but we believe that the positions aligned by this procedure have a higher probability of being in homologous alignment than those aligned by maximizing the number of matching nucleotides. We will employ the word "structural" to distinguish similarity defined using our type 18 S rRNA Sequences From 0. nova and S. pustulata 405 1001 ~~J.sT~ Gk~"c"ckAu"kiU"AkGAciJAAc"~!~AuGc&A""I_kcc A&wilUUUCAuuAA;Ic~c~ukuc~ctic~ GAAAUUCUCGGAUUUGUUAAAGACUUAUGCGAAAGC 
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where m is the number of sequence positions with matching nucleotides in the two sequences, u is the number of sequence positions with nonmatching nucleotides, and g is the number of sequence positions that have a gap in one sequence opposite a nucleotide in the other sequence. A special case is the occurrence of large insertions and deletions. These events are likely to be the result of single rare events rather than of the compounding of large numbers of single nucleotide events. Therefore, only the first five sequence gaps in a string of gaps were counted in determining g.
Pairwise comparisons of all homologous nucleotide positions for the small-subunit ribosomal RNA sequences shown in figure 2 as well as those of Zea mays (Messing et al. 1984) , rice (Takaiwa et al. 1984) , Xenopus Zaevis (Salim and Maden 198 l) , Halobacterium volcanii (Gupta et al. 1983) , and rat (Chan et al. 1984) were used to compute similarity values. If one treats the structural similarities as representing the fraction of sites that are identical, then h = 1 -s is the fraction of sites that are different and may be used in the formula of Jukes and Cantor (1969) to get a corresponding structural distance expressed in terms of nucleotide substitutions/site. Both the similarity values and the computed structural distances are presented in table 2.
The structural distances were converted to phylogenetic trees by a variation of the method of Fitch and Margoliash (1967) . The evaluation of alternative phylogenetic trees was based on the agreement of the structural distance data separating pairs of organisms and the sum of the tree segment lengths joining the organisms in the tree. The difference between the sum of the tree segment lengths and the structural distance for each pair of organisms was squared. This error was divided by the variance of the structural distance estimate (Olsen 1983) .
The variance o2 is defined as
where o* is the variance, s is the structural similarity, and n = m + u + g/2 (Kimura and Ohta 1972; Hori and Osawa 1977) . The summation of weighted errors for all pairs of organisms is defined as the tree error. For a given tree topology, the tree segment lengths that minimize the tree error were determined. If a topology yielded a negative length segment (negative length segments are mathematical artifacts that have no evolutionary meaning), the tree error was penalized by a factor of 3 for every negative length segment in the tree. Determining the tree geometry and branch lengths that best fit the structuralsimilarity data is an optimization problem of considerable magnitude (there are 2 X 1 O6 possible unrooted trees for 10 organisms). Because it is not practical to test all possible trees, we have used an algorithm in which the effects of a given set of rearrangements on a given phylogenetic tree are tested, and then the best of all tested alternatives (i.e., the most improved tree) is maintained and is used as the starting point for another round of optimization. Two simple classes of tree rearrangements are tested by the optimization algorithm (Olsen 1983) . Both regard the current tree as sets of subtrees connected by segments. A subtree can range from a single sequence to N -3 sequences, where N is the number of organisms represented in the tree. A subtree can be moved to a new location by removing its nearest node from the tree and inserting this node into an alternative tree segment. In the first class of rearrangements, the effect of moving each possible subtree (one at a time) to every alternative location in the tree is systematically tested. The second class of rearrangements tested involves interchanging the locations of a pair of subtrees. The effect of all possible NOTE.-The upper-right half of the table gives s values for all pairs of aligned small-subunit rRNA sequences. If 1 -s is considered to be the fraction of sites that are identical, the formula of Jukes and Cantor ( 1969) can be used to compute the structural distances (average number of base changes per sequence position), which are shown in the lower-left half of the table.
' Sequence data from rat (Chan et al. 1984) , X. fuevis (Salim and Maden 198 l) , rice (Takaiwa et al. 1984) , 2. muys (Messing et al. 1984) , S. cerevisiue (Rubtsov et al. 1980) , D. discodieum (McCarroll et al. 1983 ), H. volcunii (Gupta et al. 1983) , and E. coli (Brosius et al. 1978 ).
pairwise interchanges of subtrees (one pair at a time) is tested. The rearrangement that leads to the most improved tree is used as the starting point for a new round of optimization. For 10 organisms there are on the order of 250 independent trees per round of optimization. The number of rounds of optimization required for a convergent solution depends on the topology of the initial tree. Computer programs for calculating similarities and structural distances and for implementing our phylogenetic-tree evaluation and optimization algorithm have been written in FORTRAN for execution on the Digital VAX 1 l/750. The program is useful for trees with less than 30 organisms. It appears to have successfully found the optimum of all sequence sets tested (as evaluated by the "optimal" tree being independent of the initial tree).
The computer-assisted optimization algorithm described above was used to infer the phylogenetic tree shown in figure 3 from the similarity and structural distance data presented in table 2. This optimized tree (tree error = 0.30) is consistent with S. pustulata and 0. nova being closely related but places the divergence of D. discoideum from the eukaryotic line of descent prior to the branching of these ciliates. The tree with the second-lowest error (tree error = 0.32) was constructed by interchanging the branching order of S. cervisiae and the ciliates. We interpret the slight difference in tree errors and the small negative segment (-0.01) between the cilate and the fungal branchings in the second-best tree to mean that the branching order for these two groups is not statistically significant.
Discussion
Ciliates are unicellular heterokaryotic organisms that have cilia at some point in their life cycle. Classification schemes for these organisms are generally based on characterization of ciliature and infraciliature. Corliss (1979) has proposed a taxonomy that includes 23 orders divided among three major classes. The hypotrichous ciliates Stylonychia pustulata and Oxytricha nova are members of the Polyhymenophora and are considered to be members of the suborder Sporadotrichina. As shown in our inferred phylogeny ( fig. 3) , the S. pustulata/O. nova ribosomal RNA distance is con-
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As in the case of Dictyostelium discoideum, the ciliophora are taxonomically treated as members of the protoctista and are considered to be a very ancient phylum. Our phylogeny indicates that the emergence of the ciliophora was preceded by the rhizopodea as represented by D. discoideum, thus supporting the notion that the protoctista are not monophyletic. In fact, based on the structural distances of ribosomal RNA shown in table 2, the evolutionary distance between these two major protoctistan groups is comparable to the evolutionary distance between plants and D. discoideum or to that between animals and D. discoideum. We have previously argued that the large distance between the rRNA of D. discoideum and published sequences from other eukaryotes represents an early branching in the eukaryotic line of descent rather than an unusually high rate of genetic drift (fast evolutionary-clock speed) or convergent evolution in the rRNAs of other eukaryotes (see McCarroll et al. 1983 ).
Finally, the phylogeny shown in figure 3 suggests that the early branching of D. discoideum was followed by a radiative period that gave rise to the animals, the plants, the fungi, and the ciliates. It will be of interest to characterize other representatives of the protoctista to determine whether major phylogenetic groups radiated from the eukaryotic line of descent at a similar time.
